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Available online 18 March 2008Brown adipose tissue serves as a thermogenic organ in placental mammals to defend body temperature in the
cold by nonshivering thermogenesis. The thermogenic function of brown adipose tissue is enabled by several
specialised features on the organ as well as on the cellular level, including dense sympathetic innervation and
vascularisation, high lipolytic capacity and mitochondrial density and the unique expression of uncoupling
protein 1 (UCP1). This mitochondrial carrier protein is inserted into the inner mitochondrial membrane and
stimulates maximum mitochondrial respiration by dissipating proton-motive force as heat. Studies in
knockout mice have clearly demonstrated that UCP1 is essential for nonshivering thermogenesis in brown
adipose tissue. For a long time it had been presumed that brown adipose tissue and UCP1 emerged in placental
mammals providing themwith a unique advantage to survive in the cold. Our subsequent discoveries of UCP1
orthologues in ectotherm vertebrates and marsupials clearly refute this presumption. We can now initiate
comparative studies on the structure–function relationships in UCP1 orthologues from different vertebrates to
elucidate when during vertebrate evolution UCP1 gained the biochemical properties required for
nonshivering thermogenesis.




Mitochondrial transporters1. Uncoupling protein 1 in placental mammals
Uncoupling proteins (UCP1-3) belong to the mitochondrial anion
carrier family. The ﬁrst uncoupling protein, UCP1, formerly known as
thermogenin, was identiﬁed almost 30 years ago [1] and thereafter
has been thoroughly characterised as a thermogenic protein speciﬁ-
cally expressed in brown adipocytes where it converts mitochondrial
proton-motive force into heat [2]. UCP1 catalyses a proton leak in the
inner mitochondrial membrane that can be inhibited by purine
nucleotides (most sensitive to GDP) and activated by free fatty acids. In
resting brown adipocytes with low free fatty acid and high purine
nucleotide concentrations in the cytosol UCP1 activity is low. Upon
sympathetic stimulation of lipolysis in brown adipocytes increased
free fatty acid levels activate the proton leak catalysed by UCP1. This
UCP1-mediated proton leak serves for nonshivering thermogenesis
(NST) in brown adipose tissue either to defend normothermic body
temperature in animals exposed to the cold or to combust excess food
energy in response to diets of high caloric density [2,3]. Thorough
metabolic phenotyping of knockout mice has revealed that UCP1 is
indeed crucial for these physiological functions. UCP1 knockout mice
develop life-threatening hypothermia when exposed to the cold duenchen, Molecular Nutritional
5350 Freising-Weihenstephan,
. Klingenspor).
lsevier B.V.to deﬁcient nonshivering thermogenesis in brown adipose tissue [4].
Moreover this deﬁciency increases the susceptibility of aged mice to
diet-induced obesity [5].
Two paralogues of UCP1 were discovered in 1997 and named UCP2
and UCP3 based on their striking similarity to UCP1. The physiological
role of these novel UCPs, however, is less well understood and still a
matter of debate even 10 years after their discovery [6–11]. To date, it
is not known whether one or both UCPs confer uncoupling activity
under physiologically relevant conditions. Overexpression experi-
ments in mice and in yeast indeed demonstrated increased mitochon-
drial proton leakage but this apparent native uncoupling activity may
rather be an artefact owing to supra-physiological expression levels
[12–14]. Another contribution to the understanding of UCP functions
may be to elucidate the evolutionary history of the uncoupling protein
gene family and conduct comparative functional studies of UCP
orthologues from different species.
2. Uncoupling proteins in ectothermic vertebrates and
non-placental mammals
It has been assumed that brown adipose tissue and the gene
encoding for the thermogenic transporter UCP1 emerged in the ﬁrst
placental mammals ~150 million years ago providing them with a
crucial advantage to survive in the cold. In the attempt to elucidate the
evolutionary history of uncoupling proteins we searched the genome
projects of zebraﬁsh and pufferﬁsh for genes orthologous to placental
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zebraﬁsh [15], but we aimed to identify further UCP genes in ﬁsh. The
success of simple sequence similarity searches, however, was limited.
BLASTing the zebraﬁsh genome revealed several UCP-like genes, but
could not unequivocally reveal whether one of these genes shares a
common ancestor with UCP genes in placental mammals. Upon closer
inspection of the UCP1 locus in placentalmammalswenoticed that the
UCP1 gene is located in a region of conserved synteny. In all placental
mammals, forwhich genome assemblies have been completed, UCP1 is
ﬂanked by ELMOD2 (EnguLfment and cell MOtility/Cell death
abnormality-12 domain containing 2) and by TBC1D9 (Tre-2, BUB2p,
and Cdc16p 1 domain containing protein 9). Notably, one of the UCP-
like genes identiﬁed by similarity search in zebraﬁsh is ﬂanked by
highly conserved orthologues of ELMOD2 and TBC1D9. Based on
conserved synteny from ﬁsh to mammals this UCP-like gene was
therefore unequivocally identiﬁed as the UCP1 orthologue in zebraﬁsh
[16]. Further analysis revealed that conserved synteny of the genomic
region harbouring UCP1 is found not only in zebraﬁsh, but also in
pufferﬁshes (Takifugu, Tetraodon) and in amphibians (Xenopus). A
similar strategy using comparative genomics led us to the identiﬁca-
tion of UCP2 andUCP3 in these species [16]. Based on theseﬁndingswe
conclude that all three UCP geneswere already present in the common
ancestors of ray-ﬁnned and lobe-ﬁnned vertebrates which lived
approximately 420 million years ago. The discovery of placental
mammal UCP1 orthologues in ﬁsh and amphibia raises the question on
the physiological function of UCP1 in these ectothermic vertebrates.
3. The function of UCP1 in ectothermic vertebrates
In cold-acclimated rodents brown adipose tissue may dissipate
heat at a power of 300–400W/kgwet weight of the tissue [17–19]. It is
important to consider that this powerful thermogenic function of
brown adipose tissue not only requires distinct biochemical properties
of UCP1, but requires several specialised features on the organ as well
as on the cellular level, including dense sympathetic innervation and
vascularisation, high lipolytic capacity and mitochondrial density andFig. 1. A Jones–Taylor–Thornton (JTT) protein distance, neighbour joining tree for UCP1, UC
alpha of 1.8. All available, near full-length UCP1, UCP2, and UCP3 sequences from mammals
UCP3 clade has been reduced for simplicity. Abbreviations: Cin, Ciona intestinalis; Xtr, Xenop
Danio rerio; Oan, Ornithorhynchus anatinus; Mdo, Monodelphis domestica; Scr, Sminthopsis c
taurus; Mlu, Myotis lucifugus; Oga, Otolemur garnettii; Hsa, Homo sapiens; Ptr, Pan troglodytes
norvegicus; Mmu, Mus musculus; Dgr, Dicrostonyx groenlandicus; Psu, Phodopus sungorus; Mthe unique strong expression of uncoupling protein 1 (UCP1). In cold-
acclimated rodents UCP1 can constitute up to 5% of the total
mitochondrial protein in brown adipocytes [20]. Only at this high
abundance of UCP1 occurring in the suitable cellular environment of
brown adipocytes the GDP-sensitive fatty acid inducible uncoupling
activity of UCP1 can work as an efﬁcient thermogenic mechanism.
Thus, gene regulatory elements had to evolve driving a strong tissue-
speciﬁc expression of UCP1 in brown adipocytes. Given the much
lower concentration of UCP2 and UCP3 [12,21] in mammalian
mitochondria these paralogues of UCP1 are unlikely to contribute to
thermogenic uncoupling. The relative abundance of UCP1 in mito-
chondria of ectotherms is not known.
Pertaining to the function of UCP1 in ectotherms we consider two
possibilities. The GDP-sensitive fatty acid inducible proton leak
activity is either a biochemical property of all UCP1 orthologues, or
a unique property of UCP1 in placental mammals. In the latter case,
UCP1 in ectotherms may have retained an ancient function related to
the function of UCP2 and UCP3.
So far, only sparse information is available on the function of UCP1
orthologues in ectothermic vertebrates. One possibility to address the
function is to study the tissue-speciﬁc expression and regulation of the
UCP1 gene in response to physiological adaptation. In the common carp
UCP1 mRNA is detectable by Northern blotting in liver, kidneys and
brain, but the mitochondrial concentration of UCP1 in these tissues is
currently not known. A thermogenic function of UCP1 in the carp liver
and kidneys appears rather unlikely as UCP1 mRNA levels decrease in
the liver of cold exposed carp and remain unchanged in kidneys [16]. In
contrast, however, brain expression of UCP1 is induced upon cold
exposure of carp suggestive for local thermogenesis [22]. Notably, liver
mitochondria from warm (high UCP1 expression), but not cold (low
UCP1 expression) acclimated carp exhibit a GDP-sensitive palmitate
inducible proton leak [22]. Thus the biochemical properties of this
proton leak resemble those of UCP1 in placental mammals.
Taken together UCP1 in ectotherms may catalyse local thermo-
genesis by inducing proton leakage in some tissues, but the strong
cold-induced expression of UCP1 in brown adipose tissue of placentalP2 and UCP3. Gamma distributed rate variation was modelled in the inference with an
, amphibia and ﬁsh were used for the purpose of phylogenetic inference. The UCP2 and
us tropicalis; Tru, Takifugu rubripes; Tni, Tetraodon nigroviridis; Cca, Cyprinus carpio; Dre,
rassicaudata; Cfa, Canis familiaris; Ete, Echinops telfairi; Smu, Suncus murinus; Bta, Bos
; Tbe, Tupaia belangeri; Oda, Ochotona dauurica; Ocu, Oryctolagus cuniculus; Rno, Rattus
au, Mesocricetus auratus.
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ment of a powerful heater organ.
Despite the correlative evidence reported on carp liver mitochon-
dria [22] no study has so far directly demonstrated that UCP1 in
ectotherms catalyses a GDP-sensitive fatty acid inducible proton leak in
mitochondria. Based on preliminary ﬁndings we currently consider it
more likely that UCP1 in ectotherms fulﬁlls a yet unknown ancient
function whereas in the mammalian lineage mutations occurred that
altered the function of this gene to drive expression of a thermogenic
protein in brown adipose tissue. In this context it was of major interest
to elucidate whether in phylogenetic terms “old” placental mammals
like afrotherians (tenrecs, hyraxes, aardvarks, golden moles, elephant
shrews) and non-placental mammals (marsupials and monotremes)
have a UCP1 gene expressed in brown adipose tissue. In the rock
elephant shrew, Elephantulus myurus (Afrotheria: Macroscelidea), we
detected UCP1 mRNA and protein restricted to brown fat deposits and
demonstrated palmitate-inducible, GDP-sensitive proton conductance
[23]. Using the conserved synteny approach described above we
recently identiﬁed a marsupial UCP1 gene which is expressed in
interscapular brown adipose tissue of the Australian fat-tailed dunnart,
Sminthopsis crassicaudata [24]. Upon cold acclimation of S. crassicaudata
theUCP1mRNA level in brownadipose tissuewas signiﬁcantly increased.
Thus tissue-speciﬁc and cold-induced expression patterns strongly
resemble the regulation of UCP1 in placental mammals and suggest a
thermogenic function of marsupial UCP1. As for UCP1 in ectotherms,
however, functional studies directly demonstrating that marsupial
UCP1 catalyses a GDP-sensitive fatty acid inducible proton leak are still
required.Fig. 2. Two-dimensional illustration of the predicted topology of UCP1 in the inner mitocho
across full-length UCP1 cDNA sequences of sixteen placental mammal species (rat, mouse, g
shrew, macaca, chimp, and human). These conserved residues are given in the topographic ov
are colour coded as follows: mutation affects fatty acid activated proton transport (yellow
abolishes chloride transport (blue). The putative GDP binding site is depicted in dark green.
Several residues, however that have repeatedly been demonstrated to be crucial for proton4. Molecular evolution of UCP1
Phylogenetic inference of the uncoupling protein family revealed
that all UCP1 orthologues, including those from ﬁshes and amphibians
belong to a monophyletic clade [24,25] (Fig. 1). Notably, a closer
inspection of the UCP1 clade reveals that the branch length between
marsupials and placental mammals is more than twice the length of
that between marsupials and amphibians. This is remarkable as
marsupials are more distantly related to amphibians than to placental
mammals. The large distance between UCP1 of marsupials and
placental mammals indicates an accelerated evolution of UCP1 in
placentalmammal lineages. Despite the demonstration of cold-induced
expression of marsupial UCP1 in brown adipose tissue, the sequence
similarity to UCP1 of ectotherms questions the thermogenic function of
marsupial UCP1.
Taken together, several new UCP1 orthologues have been dis-
covered but their physiological function remains enigmatic. In terms of
possible functions, it will be instrumental to consider the biochemical
and physiological functions currently discussed for UCP2 and UCP3.
Perhaps, UCP1 in ectotherms and non-placental mammals, as well as
UCP2 and UCP3 have retained some so far unknown ancient function
whereas UCP1 in placental mammals acquired a new thermogenic
function.
Several biochemical and physiological functions have been
assigned to UCP2 and UCP3 in rodents and humans. They may be
effectors of a reactive oxygen sensor system in mitochondria which
become activated in response to oxidative stress and confer mild
uncoupling in order to protect cells from the overproduction ofndrial membrane (modiﬁed according to [45]). We determined amino acids conserved
olden hamster, Djungarian hamster, lemming, shrew, dog, bovine, rabbit, pika, bat, tree
erview. Functionally relevant amino acids previously identiﬁed bymutagenesis [37–46]
), mutation impairs nucleotide sensitivity of proton transport (light green), mutation
The majority of functional mutations affect residues conserved in placental mammals.
transport cannot be found in all species examined.
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quenching the rise in the cellular ATP/ADP ratio in response to glucose
oxidation UCP2 has been demonstrated to decrease glucose-induced
hormone secretion in pancreatic islets and in hypothalamic POMCer-
gic neurons [28,29]. Several reports suggest an involvement of UCP2
and UCP3 in the regulation fatty acid oxidation [30–34]. We recently
observed that genetic UCP3 deﬁciency in brown adipose tissue
impairs maximum cold-induced thermogenesis [35]. A recent pub-
lication indicates that UCP2 and UCP3 are required for the function of
the mitochondrial calcium uniporter [33,36]. A ﬁnal functional
annotation of UCP2 and UCP3 is currently not possible but the studies
published may provide hints towards the putative ancient function of
UCP1 orthologues in the metabolism of ectotherms and non-placental
mammals.
If only theUCP1orthologues of placentalmammals exhibitedproton
leak activity regulated by purine nucleotides and fatty acids it should be
possible to identify the unique structural featureswhich are responsible
for this new function. By alignment of the 16 UCP1 full-length coding
sequences identiﬁed so far in placental mammals we found 147 out of
306 amino acid residues to be 100% conserved in all of these species
(Fig. 2). Several previous studies have addressed the structure–function
relationship by mutational analysis of recombinant UCP1 either
expressed in yeast or reconstituted in proteoliposomes [37–46]. It was
reported from such studies that mutagenesis of individual residues
could impair different functional properties of UCP1, including proton
leak activity, fatty acid activation, GDP sensitivity, and anion transport
activity. We mapped these functionally relevant residues as well as all
residues conserved in placental mammals to a two-dimensional
structure of UCP1 (Fig. 2). Notably, most of the functional residues are
indeed strictly conserved across placental mammals. The functional
relevance of non-conserved residues must be questioned. Phylogenetic
inference of the uncoupling protein family will be informative in the
planning of future studies on structure–function relationships of UCP1.
The identiﬁcation of amino acid residues conserved in placental
mammals but variable in UCP1 of ectotherms and non-placental
mammals may help to elucidate the unique structural features of this
thermogenic mitochondrial transporter.
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